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Introduction. 

The  extent  and  nature  of  the  ordering  of  collagen  fibers  within  a  tumor  has  significant  influence  on  the  process 
of  tumor  metastasis:  in  murine  breast  tumor  models,  tumor  cells  move  towards  blood  vessels  along  fibers  that 
are  visible  via  second  harmonic  generation  (SHG),  and  SHG  is  exquisitely  sensitive  to  molecular  ordering  (see 
below).  Tumor  cells  that  are  moving  along  SHG-producing  (i.e.  ordered)  collagen  fibers  move  significantly 
faster  than  those  cells  that  are  moving  independently  of  SHG-producing  fibers,  and  the  extent  of  SHG- 
associated  tumor  cell  motility  is  correlated  with  metastatic  ability  of  the  tumor  model.  Furthermore,  the  tumor- 
host  interface  of  murine  breast  tumor  models  is  characterized  by  radially  oriented  SHG-producing  fibers 
associated  with  tumor  cells  invading  the  surrounding  tissue.  Lastly,  we  have  shown  that  treatment  of  tumors 
with  the  hormone  relaxin,  known  to  alter  metastatic  ability,  alters  the  collagen  ordering  as  detectable  by  SHG. 

As  locomotion  along  ordered  (SHG-producing)  fibers  plays  a  pivotal  role  in  the  metastatic  process,  we 
believe  that  the  process  of  establishing  ordered  fibers  offers  an  exciting,  and  currently  unexploited,  therapeutic 
target.  To  take  advantage  of  this,  we  must  first  learn  the  cellular  players  and  molecular  signals  by  which 
collagen  ordering  is  induced.  Therefore,  in  this  application  we  propose  to  determine  the  key  cells  and  signals 
which  in  fluence  the  ordering  of  collagen  in  breast  tumors.  We  will  do  this  by  disrupting  candidate  cells  and 
signals  in  mouse  models  of  breast  cancer  using  SHG-based  measures  of  collagen  ordering,  and  metastasis,  as 
readouts.  Additionally,  we  will  determine  if  SHG  measures  of  coilasen  ordering  in  breast  tumors  are  clinically 
useful  predictors  of  metastatic  outcome  in  breast  cancer  patient  biopsies. 

This  work  will  have  great  impact  for  several  reasons.  It  will  provide  important  insight  into  the  molecular 
and  cellular  mechanisms  by  which  the  collagen  in  breast  tumors  is  ordered,  and  how  this  ordering  affects 
metastatic  ability.  In  future  work  we  can  then  exploit  these  findings  by  developing  and  evaluating  clinically 
useful  therapeutic  techniques  that  will  target,  for  the  first  time,  the  ordering  of  tumor  collagen  and  hence 
attempt  to  inhibit  metastatic  ability,  improving  patient  survival.  This  project  will  also  explore  whether  collagen 
ordering  in  the  tumor,  as  quantified  by  SHG,  is  a  clinically  viable  predictor  of  metastatic  outcome  in  patient 
biopsies.  A  measure  of  metastatic  ability  is  extremely  exciting,  because  there  is  currently  an  identified,  pressing 
need  for  patient  stratification  based  upon  metastatic  risk,  in  order  to  minimize  ‘over  treatment’  of  patients  who 
only  require  local  therapy  after  resection,  not  systemic  chemotherapy6.  This  would  improve  patients’  quality  of 
life.  Hence,  this  project  has  promise  to  be  clinically  relevant  through  two  separate  paths. 
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Body 

The  Statement  of  Work  for  this  grant  proposal  was  as  follows: 

Statement  of  Work 

Specific  Aim  1.  Determine  the  role  of  macrophages  in  governing  collagen  ordering  in  tumors,  and  their 
mechanism  of  action.  (Months  1-30) 

la)  Modulate  the  presence  of  macrophages,  then  evaluate  the  effects  on  collagen  ordering  in  tumors,  and 
the  effects  onm  etastatic  burden.  (Months  1-12)  Uses  liposome  treatment.  -50  mice.  Verifies 
involvement  of  macrophages’  in  collagen  ordering  in  tumors,  the  exact  nature  of  their  particular  impact 
on  collagen  ordering,  and  the  impact  on  metastasis. 

lb)  Manipulate  the  expression  of  candidate  genes  in  macrophages,  and  evaluate  the  effects  on  collagen 
ordering  in  tumors,  and  the  effects  on  metastatic  burden  (Months  13-30)  Uses  bone  marrow  transfer 
after  irradiation.  Source  animals  are  one  of  7  knockouts,  for  7  c  andidate  genes.  -50x7=  350  mice. 
Produces  identity  of  key  signaling  molecules  involved  in  collagen  ordering  in  tumors,  the  exact  nature  of 
their  particular  impact  on  collagen  ordering,  and  the  impact  on  metastasis. 

Specific  Aim  2.  Determine  the  role  of  Thl,  Th2,  and  Trees  in  governing  collagen  ordering  in  tumors,  and 
their  mechanism  of  action.  (Months  31-60) 

2a)  Modulate  the  presence  of  each  cell  type,  then  evaluate  the  effects  on  collagen  ordering  in  tumors, 
and  the  effects  on  metastatic  burden.  (Months  31-42)  Uses  cell  transfer  after  antibody  treatment. 
-3x50=150  mice.  Produces  identity  of  key  cells  involved  in  collagen  ordering  in  tumors,  the  exact 
nature  of  their  particular  impact  on  collagen  ordering,  and  the  impact  on  metastasis. 

2b)  Manipulate  the  expression  of  candidate  genes  in  those  cell  types  found  significant  in  2a,  and 
evaluate  the  effects  on  collagen  ordering  in  tumors,  and  the  effects  on  metastatic  burden  (Months  43-60) 
Uses  cell  transfer  after  antibody  treatment.  Source  animals  are  one  of  7  knockouts,  for  7  c  andidate 
genes.  -3x50x7=1050  mice.  Produces  identity  of  key  signaling  molecules  involved  in  collagen  ordering 
in  tumors,  the  exact  nature  of  their  particular  impact  on  collagen  ordering,  and  the  impact  on  metastasis. 
Specific  Aim  3.  Determine  if  collagen  ordering  is  a  clinically  useful  predictor  of  metastatic  ability  in 
human  tissue  samples  (Months  1-60). 

la)  In  archival  specimens  from  breast  tumors  we  will  evaluate  the  predictive  relationships  between 
collagen  ordering  and  metastatic  outcome  (Months  1-60).  Uses  pathology  samples  of  4  breast  tumor 
types  to  determine  if  SHG  can  predict  metastatic  outcome.  -4x50=200  samples.  Produces  an 
assessment  of  SHG’s  predictive  ability. 


Over  the  previous  two  years,  as  discussed  in  our  previous  yearly  report,  we  demonstrated  that  in  the  E0771 
breast  tumor  model,  manipulation  of  tumor  associated  macrophages  (TAMs)  alters  the  ratio  of  SHG  to  collagen 
I  antibody  staining,  as  does  manipulation  of  stromal  TNF-a,  and  that  the  two  effects  were  not  additive.  That 
suggests  that  either  TAMs  induce  collagen  manipulation  through  expression  of  TNF-a,  or  that  stromal  TNF-a 
induces  collagen  manipulation  through  its  action  on  TAMs.  In  this  yearly  report  I  describe  a  series  of  follow-up 
experiments  wherein  we  manipulate  stromal  expression  of  IL-10,  as  well  as  IFN-g,  and  observe  the  effects  on 
SHG/staining  ratios  as  well  as  metastatic  outcome.  This  provides  evidence  implicating  stromal  TNF-a  action  on 
TAMs,  and  not  TAM  expression  of  TNF-a,  as  a  key  pathway  regulating  tumor  matrix  structure.  In  addition  it 
provides  evidence  for  an  independent  stromal  pathway  that  affects  matrix  microstructure,  presumably  host  T 
cells. 

The  remaining  part  of  the  report  focuses  on  a  series  of  experiments  directly  addressing  the  goals  in  Aim 
3  of  the  statement  of  work,  where  we  report  on  S  HG  studies  of  human  breast  tumor  tissue  microarrays,  and 
reveal  several  interesting  findings  with  those  samples.  As  we  have  just  summarized  those  results  in  a 
manuscript  (in  revision,  Journal  of  Biomedical  Optics),  I  will  simply  reproduce  that  manuscript  as  the  final  text 
of  the  yearly  report. 
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Impact  of  Stromal  IL-10  on  collagen  microstructure  and  metastasis. 

E0771  produces  IL-10,  as  do  E0771 -derived  TAMs 

Pilot  experiments  were  conducted  to  determine  if  E0771  cells  produce  IL-10.  E0771  cells  cultured  with  10% 
FCS  to  75%  confluence  produce  measurable  IL-10  (Figure  1).  By  comparison,  RAW264.7  macrophages  were 
also  tested  at  75%  confluence,  produced  measurable  IL-10  in  normal  media  and  produced  significantly  elevated 
levels  of  IL-10  when  activated  with  IL-4,  a  quintessential  M2  polarization  stimulus  (Figure  1).  To  confirm  that 
TAMs  from  E0771  tumors  can  produce  IL-10,  macrophages  were  isolated  from  E0771  tumors  using  magnetic 
antibody  separation  targeted  to  CD1  lb.  These  TAMs  also  produced  IL-10  at  detectable  levels  in  culture,  with  or 
without  activation  by  IL-4  (Figure  1).  Furthermore,  E0771  tumors  were  grown  in  both  wildtype  and  IL-10(-/-) 
animals.  IL-10  was  readily  detectable  in  wildtype-derived  E0771  tumor  lysates,  as  well  as  those  grown  in  IL-10 
(-/-)  mice,  indicating  production  of  IL-10  by  E0771  cells  continues  in  vivo  (Figure  2).  Taken  together,  these 
results  suggest  that  the  E0771  cell  line  is  a  source  of  IL-10  production  in  vitro  and  in  vivo,  and  that  E0771- 
associated  macrophages,  as  expected,  are  also  a  primary  source  of  this  signal  in  vivo. 


Figure  1 :  IL-10  production  by  tumor  cells  and 

macrophages  in  vitro. 

IL-10  is  produced  by  E077 1  breast  tumor  cells  at 
detectable  levels  in  vitro  (leftmost  bar,  n=5  all 
groups).  Macrophage-like  RAW264.7  cells  produce 
some  IL-10  without  stimulation,  and  significantly 
increase  this  production  upon  exposure  to  IL-4  at  50 
ng/mL  for  24  hours.  IL-4  influences  macrophages 
toward  the  M2  phenotype  (alternative  activation)  and 
is  considered  characteristic  of  an  immunosuppressive, 
anti-inflammatory  environment.  E0771 -derived 
CD1  lb+  macrophages  also  produce  a  significant 
baseline  quantity  of  IL-10,  which  interestingly  cannot 
be  subsequently  elevated  following  IL-4  exposure 
(fourth  and  fifth  bars  respectively).  These  experiments 
indicate  that  IL-10  is  produced  in  significant  quantities 
by  E0771-derived  TAMs,  as  well  as  by  E0771  tumor 
cells  themselves.  This  leads  to  difficulties  in 
interpreting  results  in  IL- 10-deficient  mice,  as 
discussed  in  the  text. 


Figure  2:  IL-10  is  present  in  E0771  tumors  in  both 

wildtvpe  mice  and  those  lacking  IL-10  expression. 

c 

In  keeping  with  the  results  depicted  in  Figure  19, 

0) 

o 

E0771  tumor  lysates  from  tumors  grown  in  wildtype 

Q. 

mice  show  significant  levels  of  IL-10  (left  bar,  n=5 

"TO 

both  groups).  The  contribution  of  the  E077 1  tumor 

O 

+* 

cells  to  IL-10  levels  in  the  tumor  is  seen  in  the  right 

U) 

E 

bar,  in  which  tumors  are  grown  in  IL- 10-deficient 

O) 

Q. 

mice.  The  difference  between  the  two  represents  the 

O 

stromal  cell  contribution  to  IL-10  production  in  the 

■ 

E0771  tumor.  This  difference  is  statistically  significant 

(p<0.05). 
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Effects  of  TAM  depletion  and  IL-10  knockout  on  intensity  of  SHG-producing  fibers 

To  determine  if  TAM  depletion  or  stromal  IL-10  knockout  affects  the  intensity  of  SHG-producing  fibers  in  the 
E0771  tumor,  tumors  were  grown  orthotopically  in  either  wildtype  or  IL-10(-/-)  mice  treated  with  liposomes 
containing  clodronate  to  deplete  TAMs.  Control  mice  were  treated  with  liposomes  containing  PBS.  Figure  3 
shows  the  results  of  the  experiment:  by  two-way  ANOVA,  a  strong  main  effect  of  TAM  depletion  (p<.0001) 
was  revealed,  but  no  main  effect  of  IL-10  knockout  was  observed  (p=.  155).  Furthermore,  the  variables  did  not 
significantly  interact  (p=.  156).  In  other  words,  TAM  depletion  reduces  the  intensity  of  SHG-producing  fibers  in 
E0771  tumors  as  before,  and  IL-10  knockout  does  not  have  a  statistically  significant  effect  upon  intensity  of 
SHG-producing  fibers,  in  the  presence  or  absence  of  TAMs. 

Effects  of  TAM  depletion  and  IL-10  knockout  on  fiber  IF  intensity 

SHG  is  dependent  upon  collagen  content  as  well  as  fiber  microstructure.  Therefore,  in  order  to  produce  a 
measure  of  fiber  microstructure,  we  must  normalize  the  SHG  intensity  to  the  total  amount  of  collagen  I  present. 
Consequently,  we  quantify  collagen  content  using  anti-collagen  type  I  antibodies  to  detect  collagen  I  IF.  TAM 
depletion  is  again  able  to  increase  IF  intensity  in  the  E0771  breast  tumor,  but  stromal  IL-10  knockout  does  not 
alter  detected  collagen  I  fiber  IF  in  the  E077 1  tumor  (Figure  4).  By  two-way  ANOVA,  we  see  a  strong  main 
effect  of  TAM  depletion  but  not  IL-10  knockout  (p<.0001,  p=.617  respectively).  Furthermore,  the  variables  did 
not  interact  (p=.249).  We  therefore  conclude  that  tumor  growth  in  the  presence  of  TAM  depletion  results  in  a 
significant  increase  in  anti-collagen  type  I  IF  in  E0771  tumors,  but  that  growth  in  the  absence  of  IL-10  has  no 
effect  on  IF  intensity. 


Figure  3:  Evaluation  of  alterations  in  collagen  as 

visualized  by  SHG  in  the  ECM  of  the  E0771  breast 

tumor  in  response  to  perturbations  in  TAM  presence 

and  stromal  IL-10  expression. 

TAM  depletion  results  in  a  significant  and  uniform 
decrease  in  collagen  fiber  SHG  intensity  regardless  of 
IL-10  expression,  whereas  IL-10  deficiency  is  not 
sufficient  to  create  a  statistically  significant  difference 
in  SHG  fiber  intensity,  n  =  21,  16,  9,  and  8 
respectively.  Main  Effect,  TAM  p<.0001,  Main  Effect, 
IL10  p=0.1550,  Interaction,  p=0.1559. 
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Figure  4:  Evaluation  of  alterations  in  collagen  as 

visualized  by  IF  in  the  ECM  of  the  E0771  breast 

tumor  in  response  to  perturbations  in  TAM  presence 

and  IL-10  expression. 

TAM  depletion,  but  not  IL-10  knockout,  is  sufficient 
to  alter  IF  intensity  in  the  E0771  tumor.  n=21,  16,  9, 
and  8  respectively.  Main  Effect,  TAM  p<.0001,  Main 
Effect,  IL10  p<0.6168,  Interaction  p<0.2492. 
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Effects  of  TAM  depletion  and  IL-10  knockout  on  01 

Division  of  the  SHG  signal  by  the  IF  signal  produces  the  order  index  (01),  which  is  primarily  sensitive  to 
changes  in  fiber  microstructure,  such  as  fibril  diameter,  spacing,  and  order  versus  disorder  in  fibrillar  packing  . 
Figure  5  shows  that  01  was  significantly  reduced  by  TAM  depletion  with  ClodF,  but  not  stromal  knockout  of 
IF- 10,  with  a  main  effect  of  p<.0001  and  p  =  .066  respectively,  with  no  significant  interaction  (p=.635).  This 
suggests  that  TAMs  again  influence  01,  but  stromal  IF- 10  in  the  presence  or  absence  of  TAMs  does  not. 

Metastatic  burden  correlates  with  TAM  presence,  but  not  with  IF- 10  knockout 

To  ascertain  a  possible  relationship  between  modulations  in  01  and  modulations  in  metastatic  burden,  lungs 
were  resected,  sectioned,  and  stained  with  hematoxylin  and  eosin,  then  imaged  to  determine  the  extent  of 
metastasis.  Figure  6  depicts  the  incidence  of  lung  metastasis  in  these  animals.  Two-way  analysis  of  variance 
shows  a  strong  main  effect  of  TAM  depletion,  but  not  abrogation  of  IF- 10,  on  metastatic  burden  (p=.002  and  p= 
.333  respectively).  The  degree  of  interaction  is  insignificant  (p=.l  13).  We  conclude  that  TAM  depletion  but 
not  IF- 10  knockout  result  in  significant  decreases  in  metastatic  events,  and  that  the  decrease  due  to  TAM 
depletion  again  correlates  with  changes  in  01  values  in  the  E0771  tumor. 


Figure  5:  Evaluation  of  alterations  in  the  SHG  of  the 

ECM  in  the  breast  tumor  relative  to  total  collagen  I 

deposition  (01)  in  response  to  perturbations  in  TAM 

presence  and  IF- 10  expression. 

These  data  indicate  that  TAM  depletion  is  capable  of 
strongly  regulating  01  in  the  E0771  tumor,  but  that  IF- 
10  deficiency  is  not  sufficient  to  cause  a  change  in  01. 
n=21,  16,  9  and  8.  Main  Effect,  TAM  p<.0001,  Main 
Effect,  IF10  p<0.0661.  Interaction,  p=0.6352. 
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Figure  24:  Evaluation  of  E0771  metastatic  burden  in 

the  lung  in  response  to  perturbations  in  TAM  presence 

and  IF- 10  expression. 

Stromal  IF- 10  deficiency  is  not  sufficient  to  decrease 
metastatic  burden  in  the  lung  of  the  E0771 -bearing 
mouse,  but  TAM  depletion  does  produce  a  strongly 
uniform  decrease  in  the  amount  of  metastases  present 
in  10  sections  at  21  days,  n  =  21,  16,  9,  and  8.  Main 
Effect,  TAM  p=0.0024,  Main  Effect,  IF  10,  p<0.3328, 
Interaction  p=0.1 134. 
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Discussion 

We  investigated  whether  manipulation  of  TAM  populations  and/or  stromal  IL-10  is  able  to  alter  the 
microstructure  of  collagen  I  fibers  (as  measured  by  the  01)  and  metastatic  burden.  Our  01  data  suggest  that  in 
the  E0771  model  of  metastatic  breast  cancer,  TAMs  influence  collagen  microstructure,  but  that  stromal  IL-10 
does  not  influence  collagen  microstructure.  This  inability  of  stromal  IL-10  to  affect  01  is  particularly  interesting 
given  IL-lO’s  known  role  as  a  particularly  potent  inhibitor  of  macrophage  production  of  TNF-a.  Based  upon  the 
results  in  last  year’s  yearly  report  we  previously  produced  two  likely  models  for  the  mechanism  of  TAM  and 
stromal  TNF-a’s  impact  on  collagen  01:  Either  1)  stromal  TNF-a  induces  TAMs  (and  only  TAMs)  to  alter 
collagen  01,  or  2)  TAMs  express  TNF-a  (and  only  TNF-a)  to  alter  collagen  01.  The  fact  that  significant 
modulation  of  IL-10  has  no  effect  on  the  01,  and  that  IL-10  is  an  inhibitor  of  TAM  production  of  TNF-a, 
suggests  that  Model  1  is  more  likely  than  Model  2. 

There  are  three  alternative  possibilities,  however.  Figure  2  showed  that  by  growing  E0771  tumors  in  IL-10  KO 
mice  we  are  only  achieving  a  partial  elimination  of  IL-10  in  the  tumor,  due  to  IL-10  production  by  the  tumor 
cells  themselves.  Therefore  it  is  possible  that  we  simply  have  not  lowered  IL-10  enough  to  see  any  effect  of  its 
modulation.  An  alternative  possibility  is  that  these  mice,  through  a  lifetime  of  being  deprived  of  stromal  IL-10, 
have  compensated  for  its  absence  by  up-  or  down-  regulation  of  other  signaling  pathways.  This  compensation 
may  have  managed  to  reproduce  the  actions  of  IL-10  with  other  molecules,  and  hence  any  modulation  induced 
in  tumor  01  is  hidden.  Finally,  although  it  seems  unlikely,  it  is  possible  that  IL-10  does  play  a  role  in  defining 
matrix  microstructure,  but  that  when  we  modulate  IL-10  expression  several  changes  in  microstructure  occur  (for 
example  a  change  in  fibril  spacing  to  increase  SHG,  combined  with  a  change  in  fibril  diameter  to  decrease 
SHG)  such  that  their  effects  on  01  exactly  cancel  out . 

SHG  reveals  matrix  alterations  during  breast  cancer  progression. 

For  this  part  of  the  yearly  report,  I  will  simply  reproduce  the  recently  written  manuscript,  currently  in  revision 
in  Journal  of  Biomedical  Optics.  That  follows  on  the  next  few  pages. 
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Abstract 


Alteration  of  the  extracellular  matrix  in  tumor  stroma  influences  efficiency  of  cell  locomotion 
away  from  the  primary  tumor  into  surrounding  tissues  and  vasculature,  thereby  affecting 
metastatic  potential.  We  studied  matrix  changes  in  breast  cancer  through  the  use  of  Second 
Harmonic  Generation  (SHG)  of  collagen  in  order  to  improve  our  current  understanding  of  breast 
tumor  stromal  development  as  well  as  diagnostic  capabilities  of  SHG.  Specifically,  we  utilized  a 
quantitative  analysis  of  the  ratio  of  forward  to  backward  propagating  SHG  signal  (F/B  ratio)  to 
monitor  collagen  structure  throughout  ductal  and  lobular  carcinoma  development.  After 
detection  of  a  significant  decrease  in  the  F/B  ratio  of  Invasive  but  not  in  situ  Ductal  Carcinoma 
compared  to  healthy  tissue,  the  collagen  F/B  ratio  was  investigated  to  determine  the  evolution  of 
structural  changes  throughout  tumor  progression.  Results  were  compared  to  the  progression  of 
Lobular  Carcinoma,  whose  F/B  signature  also  underwent  significant  evolution  during 
progression,  albeit  in  a  different  manner,  which  offers  insight  into  varying  methods  of  tissue 
penetration  and  collagen  restructuring  between  the  carcinomas.  This  research  outlines  trends  of 
stromal  reorganization  throughout  breast  tumor  development  and  has  implications  for  potential 
applications  of  SHG  used  with  pathological  analysis  as  a  biomarker  of  primary  tumor  growth  and 
metastatic  potential. 
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Introduction 


There  are  two  primary  forms  of  invasive  breast  carcinomas,  ductal  and  lobular,  named  after  the 
breast  structure  from  which  they  originate.  The  replication  of  tumor  cells  within  these  structures 
without  interacting  with  the  surrounding  tissue  is  called  Carcinoma  in  Situ,  where  Ductal 
Carcinoma  in  situ  (DCIS)  makes  up  25 -30%  of  all  diagnosed  breast  cancer  [1].  75-80%  of 
invasive  breast  carcinomas  are  categorized  as  Invasive  Ductal  Carcinoma  (IDC)  [2],  which  is  the 
progression  of  a  primary  tumor  from  within  the  breast  duct  to  an  invasion  of  surrounding  tissue 
by  penetrating  through  the  basement  membrane  of  the  duct.  Invasive  Lobular  Carcinoma  (ILC) 
is  the  invasive  growth  of  cancer  cells  which  originate  in  the  lobules  and  penetrate  the 
surrounding  breast  tissue.  Lobular  Carcinoma  in  situ  (LCIS)  is  characterized  not  as  cancer  and 
not  as  a  predecessor  to  ILC,  but  rather  a  benign  growth  of  abnonnal  cells  that  are  commonly 
undetectable  by  mammograms  but  if  detected  (usually  in  biopsies  taken  for  other  reasons)  can 
serve  as  a  marker  for  increased  risk  of  future  invasive  carcinomas  (ILC  or  IDC)  in  either  breast 
[3].  With  the  increased  capabilities  of  early  detection  and  treatment  of  cancer,  mortality  rates  due 
to  the  primary  tumor  have  decreased,  and  currently  90%  of  cancer  mortality  is  a  r  esult  of 
metastatic  events  [4].  It  is  therefore  becoming  increasingly  important  to  uncover  prognostic 
markers  that  can  predict  the  metastatic  potential  of  a  primary  tumor  to  aid  in  determining  the 
optimal  course  of  patient  treatment,  as  well  as  for  assisting  in  the  creation  of  new  methods  of 
treatment.  Previous  research  points  to  tumor  size  [5,  6],  lymph-node  status  [6],  grade  [7], 
urokinase  plasminogen  activator  (uPA)  protein  levels  [8,  9],  as  well  as  o  ther  genetic  and 
physiological  factors  of  the  tumor  to  predict  levels  of  metastasis  [10].  Changes  in  these  factors 
are  accompanied  by  changes  in  the  extracellular  matrix  (ECM)  in  the  tumor  stroma  [10,  11,  12], 
that  result  from  the  release  of  signals  and  proteases  from  surrounding  stromal  cells  such  as 
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cancer  associated  fibroblasts  [13]  and  macrophages  [14].  A  major  focus  of  ECM  modification  is 
alterations  in  collagen,  including  degradation  of  collagen  IV,  XV,  &  X  VIII  in  the  basement 
membrane  surrounding  the  tumor  [15],  and  remodeling  of  collagen  I  throughout  the  connective 
tissue  [13,  16,  17].  Modified  fibrillar  collagen  in  the  connective  tissue  allows  for  a  more  efficient 
dispersal  of  tumor  cells  into  the  surrounding  tissue  and  vasculature  to  spread  to  a  secondary 
location  [16,  17]. 

Second  Harmonic  Generation  (SHG)  is  a  scattering  phenomenon,  in  which  two  incoming 
photons  are  scattered  by  a  non-centrosymmetric  structure  into  one  photon  of  exactly  half  the 
wavelength.  The  resultant  emission  is  coherent,  hence  the  directionality,  intensity,  and 
polarization  of  the  outgoing  light  is  sensitive  to  various  structural  parameters  of  the  scatterers 
including  scatterer  order  and  spacing,  angle,  as  well  as  o  verall  spatial  extent  of  the  scatterer 
distribution  along  the  laser  axis  [18,  19,  20],  Collagen,  primarily  type  I  collagen,  is  capable  of 
producing  an  SHG  signal  that  can  be  detected  in  biological  samples  and  used  as  a  technique  for 
monitoring  the  changes  in  ECM  structure  throughout  tumor  development.  This  technique  results 
in  high  resolution  two-photon  images  without  the  need  for  fluorescent  staining  and  without 
photobleaching,  and  can  applied  to  the  surface  of  a  primary  tumor,  excised  tissue,  or  a  sectioned 
sample  to  provide  insight  into  matrix  structure  and  aid  in  clinical  diagnostics. 

The  progression  of  breast  tumors  is  diagnosed  along  a  two  axis  classification  scheme,  based 
upon  the  ability  to  visually  differentiate  the  tumor  cells  from  healthy  cells,  as  well  as  the  stage  of 
the  growth  and  metastatic  properties  of  the  tumor.  Fenhalls  et  al.  used  northern  analysis  of  tumor 
samples  to  show  that  tumor  staging  is  accompanied  by  changes  in  the  level  of  collagen  mRNA 
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[21].  Following  this  study  many  groups  have  incorporated  two-photon  techniques  to  analyze 
collagen  SHG  signals  in  an  attempt  to  differentiate  healthy  and  tumor  tissue.  Morphological 
collagen  changes,  such  as  the  shape  of  fibrillar  collagen  [22]  or  its  orientation  with  regards  to  the 
border  of  the  primary  tumor  [23],  have  been  investigated  in  order  to  differentiate  between 
healthy  and  malignant  tumors  as  well  as  to  predict  survival  rates  associated  with  primary  tumor 
samples.  Further  studies  have  incorporated  third  hannonic  generation  signals  [24]  or  intrinsic 
fluorescence  analysis  [25,  26]  to  increase  the  morphological  infonnation  provided  by  a  tumor 
sample  and  to  standardize  quantitative  SHG  measurements  using  the  ratio  of  SHG/two-photon 
excited  fluorescence  (TPEF).  In  a  mouse  model  of  epithelial  carcinoma  SHG  and  TPEF  of 
intrinsic  signals  was  used  to  track  the  progression  of  tumors  throughout  different  pathological 
phases  [27].  Zhuo  et  al.  showed  that  backward  propagating  SHG  of  freshly  removed  ectocervical 
samples  could  be  used  to  differentiate  between  healthy  tissue,  cervical  intraepithelial  neoplasia 
(precancer)  and  cancer,  showing  the  potential  of  SHG  techniques  to  not  only  differentiate 
between  healthy  and  tumor  tissue  intra-operatively  but  to  provide  insight  into  the  progression  of 
the  tumor  [28], 

The  ratio  of  the  forward  to  backward  propagating  SHG  signal  (F/B  ratio)  is  sensitive  to  the 
spatial  extent  of  the  scatterers  along  the  optical  axis  (in  collagen,  the  effective  fibril  diameter)  as 
well  as  order  versus  disorder  in  fibril  packing  [18,  19,  20],  In  this  study  we  will  use  the  phrase 
“collagen  structure”  to  indicate  those  properties  of  an  individual  collagen  fiber  which  influence 
SHG  F/B  from  that  fiber,  as  distinct  from  “collagen  morphology”  which  will  indicate 
macroscopic  properties  such  as  fiber  orientation,  tortuosity,  and  overall  density  of  fibers.  It  has 
been  shown  previously  that  the  F/B  ratio  can  be  used  to  differentiate  between  healthy  and  tumor 
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ovarian  cancer  [29],  which  is  particularly  interesting  because  F/B  analysis  is  intrinsically 
ratiometric  and  hence  is  less  susceptible  to  variations  in  excitation  intensity,  and  is  also  less 
susceptible  to  user-to-user  variability  of  morphology-based  analysis  techniques.  We  are 
interested  in  exploring  the  application  of  F/B  imaging  to  breast  tumor  samples  both  to  learn 
about  the  evolution  of  fibrillar  collagen  structure  during  tumor  progression  as  well  as  to  explore 
the  possibility  of  using  this  modality  as  a  biomarker  to  assist  in  the  classification  of  breast  tumor 
samples  in  vitro  or  in  vivo. 

Methods 

Breast  Cancer  Tissue  Samples 

The  samples  used  throughout  this  study  are  primarily  tissue  microarray  (TMA)  slides,  which  are 
composed  of  0.6- 1.0mm  diameter  samples  from  cylindrical  cores  of  paraffin  embedded  tissue 
specimens  sectioned  into  5pm  thick  slices.  One  advantage  of  these  samples  is  that  due  to  their 
thickness  the  effects  of  subsequent  scattering  or  absorption  of  SHG  light  is  negligible  (pa~20  cm" 
,  p’s  ~  10cm1  [30,  31]).  Each  5  pm  thick,  ~1.0  mm  diameter  specimen  corresponds  to  a 
different  patient/tumor  and  is  mounted  on  a  slide,  with  several  tens  of  samples  on  each  slide.  The 
tumor  specimens  are  staged  by  a  certified  pathologist,  and  every  10th  section  of  the  TMA  block  is 
used  to  create  an  H&E  stained  slide  which  is  analyzed  by  the  pathologist  to  ensure  that  each 
sample  is  within  the  tumor  and  demonstrates  properties  of  the  diagnosis.  Hence  in  the  direction 
perpendicular  to  the  plane  of  the  sample,  each  tissue  section  is  at  least  50  microns  from  the  tumor 
surface.  In  the  plane  of  the  sample,  sections  are  chosen  that  are  entirely  within  the  tumor  and  do 
not  contain  significant  healthy  tissue,  based  upon  inspection  of  the  adjacent  H&E  stained  slides. 
However,  the  distance  from  the  outer  edge  of  the  core  to  the  tumor  surface  is  not  known. 
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Consequently  any  significant  variation  of  tumor  SHG  properties  with  distance  from  the  tumor 
edge  may  increase  the  variance  in  our  measurements. 

The  breast  cancer  tissue  microarray  samples  that  were  used  throughout  this  study  came  from  two 
sources.  Samples  of  healthy  breast  tissue,  as  well  as  various  grades  and  stages  of  IDC  and  ILC, 
were  purchased  from  Biomax  (Rockville  MD,  slides  BR1921,  BR20830,  BR805,  BR961  and 
BR954).  Pure  DCIS  and  IDC  tissue  microarray  slides  were  received  from  Dr.  Ping  Tang,  and 
created  in  the  Department  of  Pathology  and  Laboratory  Medicine  at  the  University  of  Rochester 
Medical  Center. 

In  addition  to  the  tissue  microarray  samples,  several  LCIS  and  ILC  samples  were  generated  from 
paraffin  embedded  tissue  blocks  (courtesy  of  Dr.  Ping  Tang),  cut  to  5  micron  thickness.  Table  1 
summarizes  which  samples  were  used  to  create  each  data  set. 

Invasive  breast  tumors  are  graded  on  a  3 -state  classification  system  dependent  upon  tubule 
formation,  nuclear  polymorphism,  and  mitotic  count,  where  Grade  1  has  the  most  differentiated 
tissue  with  the  best  prognosis  and  Grade  3  is  the  least  differentiated  with  the  worst  prognosis. 
The  TNM  staging  system  is  a  method  of  tumor  classification  determined  by  t  he  size  of  the 
primary  tumor  (T),  regional  lymph  node  involvement  (N)  and  presence  of  distant  metastases 
(M).  Staging  of  the  primary  tumor  (T)  as  well  as  the  metastatic  events  in  the  lymph  node  (N) 
incorporates  multiple  degrees  of  staging  as  opposed  to  metastatic  staging  (M),  which  is  a  binary 
system  detennined  simply  by  the  presence  or  absence  of  a  distant  metastases.  The  primary  tumor 
staging  is  split  into  categories  based  on  tumor  diameters  of  between  l-20mm  (Tl),  between  20- 
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50mm  (T2),  and  greater  than  50mm  (T3).  Tumors  that  have  penetrated  the  chest  wall  or  skin, 
independent  of  the  size  of  the  tumor  are  staged  as  T4  tumors.  The  lymph  node  (LN)  staging  scale 
begins  at  NO  indicating  that  there  are  no  metastatic  events  present  in  the  LN  that  are  greater  than 
0.2mm  or  200  cells.  The  two  middle  stages,  N1  and  N2,  describe  increasing  involvement  in  the 
axillary  LNs,  or  metastasis  to  the  internal  mammary  LNs  without  spread  to  the  axillary  LNs. 
Specifically  N1  tumors  have  either  micrometastases,  1-3  axillary  LN  metastases,  or  sentinel  LN 
metastases  detected  through  biopsy.  N2  tumors  are  characterized  by  4-9  axillary  LN  metastases, 
or  clinically  detected  sentinel  LN  metastases.  N3  stage  is  the  most  far  reaching  metastatic  LN 
events,  including  either  greater  than  10  axillary  events  with  at  least  one  event  greater  than  2mm, 
infraclavicular  LN  metastases,  or  clinically  detected  internal  mammary  and  axillary  LN 
metastases  [32].  All  samples  were  classified  based  upon  the  aforementioned  grading  and  staging 
scheme  by  a  certified  pathologist  and  all  parties  were  blinded  to  the  classification  of  the  samples 
during  image  acquisition  and  analysis. 

Imaging 

The  excitation  light  is  a  Spectra  Physics  MaiTai  TiiSapphire  laser  at  810nm,  with  lOOfs  pulses  at 
80MHz.  It  is  directed  to  the  sample  through  an  Olympus  BX61WI  upright  microscope,  with 
beam  scanning  and  image  acquisition  controlled  by  an  Olympus  Fluoview  FV300  scanning 
system.  Before  entering  the  scan  box  the  laser  passes  through  a  Berek  compensator  (Model  5540, 
New  Focus)  adjusted  such  that  the  excitation  light  reaching  the  objective  lens  is  circularly 
polarized  (verified  as  <2%  variation  in  transmitted  power  versus  angle  of  an  analyzer  set  after 
the  dichroic  and  before  the  objective  lens).  An  Olympus  UMPLFL20XW  water  immersion  lens 
(20x,  0.5  N.A.)  is  used  to  focus  excitation  light  and  capture  backward  propagating  SHG  signal. 
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After  passing  through  the  objective  the  signal  is  separated  from  the  excitation  beam  using  a 
670nm  short  pass  dichroic  mirror,  filtered  using  a  405nm  filter  (HQ405/30m-2P,  Chroma, 
Rockingham,  VT),  and  collected  by  a  photomultiplier  tube  (Hamamatsu  HC 125-02).  In  the 
forward  direction  an  Olympus  0.9  NA  optical  condenser  was  used  to  collect  the  signal,  reflected 
by  a  475nm  long  pass  dichroic  mirror  (475  DCSX,  Chroma,  Rockingham,  VT)  in  order  to 
remove  excess  excitation  light,  filtered  by  a  405nm  filter  (HQ405/30m-2P,  Chroma, 
Rockingham,  VT)  and  captured  by  photomultiplier  tube  (Hamamatsu  HC  125-02). 

Analysis 

Forward  and  backward  images  were  simultaneously  collected  as  a  stack  of  1 1  images  spaced 
3pm  apart,  with  a  660  pm  field  of  view.  One  stack  was  made  from  the  geometric  center  of  each 
TMA  sample.  For  the  non-TMA  samples,  the  image  field  in  an  unstained  section  was  chosen 
based  upon  imaging  of  an  adjacent  H&E  stained  section  to  identify  the  center  of  the  visible 
tumor  structure.  Image  Analysis  was  conducted  in  with  ImageJ  Software  [33],  Each  stack  was 
maximum  intensity  projected,  serving  as  an  “autofocus”  for  the  effectively  single  layer  of 
collagen  that  exists  in  these  5  micron  sections  and  producing  a  single  image  pair  for  each  sample. 
Projected  images  were  background  subtracted  using  a  maximum  intensity  projection  of  an  11 
image  scan  taken  with  a  cl  osed  shutter.  Day  to  day  variations  in  optical  alignments  were 
accounted  for  by  imaging  one  tissue  sample  (not  included  in  the  data  pool)  each  day  as  a 
standard  SHG  sample  and  detennining  a  normalization  factor  for  each  detector  pathway  that 
rendered  the  signal  from  that  standard  sample  constant  over  time.  For  each  image  a  common 
threshold  was  applied  to  all  images  taken  in  that  imaging  session  and  chosen  by  a  blinded 
observer  to  distinguish  collagen  pixels  from  background  pixels.  The  threshold  of  the  backward 
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collected  image  was  then  used  to  create  a  mask,  in  which  all  of  the  pixels  above  threshold  were 
set  to  1,  and  all  of  the  pixels  below  the  threshold  were  zero.  That  mask  was  then  used  to  exclude 
background  (i.e.  non-fiber)  pixels  from  consideration  and  the  average  pixel  value  of  fiber  (i.e. 
non-background)  pixels  was  calculated  from  an  F/B  ratio  image.  Due  to  the  small  sample 
thickness  (5  pm)  we  assume  that  the  measured  F/B  ratio  is  due  solely  to  the  original  ratio  of 
forward-emitted  and  backward-emitted  SHG  and  is  not  significantly  affected  by  s  ubsequent 
backscattering  of  either  component  [30,  31]. 

Statistics 

Statistical  Analysis  was  performed  using  Prism  5  software  (GraphPad,  La  Jolla,  CA). 
Statistically  significant  data  was  defined  as  a  p-value  less  than  0.05.  Comparisons  of  two  groups 
were  analyzed  using  unpaired  student  t-tests.  If  the  f-test  for  this  data  returned  a  value  <0.05,  a 
Mann- Whitney  nonparametric  t-test  was  used.  For  grouped  analysis  a  one-way  ANOVA  was 
used  with  a  Newman-Keuls  Multiple  Comparison  post-hoc  test  to  determine  the  difference 
between  groups.  If  the  Barrett’s  test  for  equal  variance  results  in  a  p-value  less  than  0.05,  a  non¬ 
parametric  Kruskal- Wallis  test  with  a  Dunn’s  post-hoc  test  was  performed. 

Results 

Figure  1  s  hows  images  of  backscattered  SHG  signal  and  F/B  ratio  as  compared  to  tissue 
structures  apparent  in  H&E  staining,  taken  from  the  same  section  of  healthy  and  tumor  samples. 
Note  that  while  H&E  staining  has  no  significant  effect  on  the  SHG  signal  intensity  (p  <0.05,  data 
not  shown),  in  this  paper  all  quantitative  F/B  analysis  was  done  on  unstained  slides.  These 
example  SHG  images  demonstrate  some  typical  collagen  morphological  changes  that  occur 
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through  the  progression  of  ductal  and  lobular  carcinoma,  including  changes  in  density,  length, 
and  organization  of  fibrillar  collagen  as  seen  in,  for  example,  the  “healthy”  SHG  image  which 
has  an  appearance  of  many  wavy  fibers  matted  together,  versus  the  “IDC”  image  where  the 
collagen  appears  to  form  sparser,  longer,  and  straighter  fibers. 

Changes  in  SHG  F/B  ratio  were  first  analyzed  in  the  progression  from  healthy  tissue  to  DCIS  to 
IDC,  as  shown  in  Figure  2a.  The  DCIS  samples  did  not  differ  significantly  from  the  healthy 
samples,  but  both  the  healthy  and  the  DCIS  samples  had  a  significantly  higher  F/B  ratio  then  the 
IDC  samples.  This  led  to  the  question  of  whether  all  IDC  tumors  are  immediately  differentiable 
from  healthy  tissue  or  if  there  is  an  evolution  of  the  fibrillar  collagen  structure  that  becomes 
significantly  different  at  a  specific  grade  or  stage.  Looking  first  at  tumor  grade,  which  signifies 
how  different  the  tumor  cells  appear  in  comaprison  to  healthy  cells,  it  was  apparent  that  Grade  1 
tumors  were  not  significantly  different  then  healthy  tissue  (Figure  2b).  As  this  tumor  type 
progressed  to  Grade  2,  it  developed  a  significantly  lower  F/B  ratio  which  remained  at 
approximately  this  level  for  Grade  3  tumors  as  well. 

Tumor  staging  is  determined  by  the  TMN  system,  which  is  dependent  on  3  different  properties  of 
the  tumor  including  its  size  (T),  extent  of  LN  metastatic  events  (N),  and  metastasis  to  sites  other 
than  LNs  (M).  The  F/B  ratio  was  measured  as  a  function  of  these  three  categories  to  detennine 
the  change  of  collagen  structure  throughout  different  stages  of  tumor  development.  The  F/B  ratio 
was  significantly  lower  in  all  stages  of  T-progression  than  in  healthy  tissue,  but  there  were  no 
differences  or  noticeable  trends  throughout  the  groups  (Figure  3a). 
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One  of  the  more  interesting  questions  regarding  the  use  of  SHG  analysis  to  study  breast  cancer 
progression  is  how  the  structure  of  fibrillar  collagen  in  the  primary  tumor  (as  indicated  by  SHG 
F/B)  relates  to  the  potential  of  the  tumor  to  metastasize.  Figure  3b  shows  that  the  binary  M-status 
did  not  have  a  significant  effect  on  the  F/B  ratio.  However  this  M-status  is  coarse,  in  that  it 
divides  tumors  up  into  only  two  categories,  those  with  and  without  known  metastases  to  distant 
organs  other  than  the  lymph  nodes.  It  is  possible  to  further  test  the  relationship  between  SHG 
F/B  and  metastatic  potential  of  a  tumor  by  looking  at  N-stage  progression,  which  increases 
through  four  classification  stages  dependent  upon  the  severity  of  LN  involvement  in  metastatic 
events.  This  gives  a  more  detailed  description  than  M-status,  because  metastatic  events  in  the 
LNs  are  more  commonly  detected  than  in  other  secondary  sites,  and  the  scale  of  progression  is 
more  finely  detailed  than  the  simple  binary  grading  of  the  M-status.  Figure  3c  shows  that 
between  healthy  tissue  and  tumors  that  are  not  metastatic  to  the  LNs  (NO)  or  minimally 
metastatic  breast  tumors  (Nl,  N2)  there  is  a  significant  decrease  in  the  F/B  ratio  of  SHG+  pixels 
relative  to  healthy  tissue.  However,  in  the  N3  stage  F/B  is  not  different  from  healthy  tissue.  We 
then  pooled  the  NO,  Nl,  and  N2  data  and  compared  this  pooled  set  to  the  N3  data.  This  allows  us 
to  compare  SHG  F/B  for  highly  metastatic  IDC  tumors  which  have  either  greater  than  10  axillary 
events  with  at  least  one  event  greater  than  2  mm,  infraclavicular  LN  metastases,  or  clinically 
detected  internal  mammary  and  axillary  LN  metastases  (i.e.  N3),  versus  those  less  metastatic 
IDC  tumors  which  do  not  have  any  of  those  properties  (i.e.  NO,  Nl,  or  N2).  This  reveals  a 
statistically  significant  difference  between  the  two  groups  (Figure  3d). 

In  order  to  gain  further  understanding  of  breast  cancer  progression  the  same  analysis  was  run  on 
ILC  samples,  to  understand  how  SHG  F/B  evolves  after  initiation  of  the  tumor  in  a  different 
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location.  ILC  showed  a  significant  decrease  in  F/B  ratio  compared  to  healthy  tissue,  but  was  not 
significantly  different  from  the  ratio  of  IDC  (Figure  4a).  In  contrast  to  the  behavior  of  F/B  in 
ductal  carcinoma,  Lobular  Carcinoma  in  situ  (LCIS)  showed  a  significant  decrease  in  F/B  ratio 
relative  to  healthy  breast,  with  no  significant  difference  between  LCIS  and  ILC  (Figure  4b).  The 
N-status  analysis  showed  that  there  was  a  significant  decrease  in  the  F/B  ratio  for  all  N  groups 
relative  to  healthy  tissue,  with  no  significant  difference  between  any  of  the  stages  studied,  similar 
to  the  trend  of  IDC  for  groups  N0-N2  (Figure  4c)  but  unlike  the  behavior  of  IDC  N3  tumors. 
Analysis  of  the  effects  of  T-status  on  the  fibrillar  collagen  showed  that  the  F/B  ratio  decreased 
significantly  between  healthy  tissue  and  Tl,  T2,  and  T3,  stages  while  T4  is  no  1  onger 
differentiable  from  healthy  tissue  (Figure  4d).  T4  is  characterized  by  the  interaction  of  any  size 
tumors  with  either  the  chest  wall  or  the  skin,  hence  we  pooled  the  other  T  stages  of  tumor 
(producing  a  group  of  any  sized  tumor  that  does  not  interact  with  the  chest  wall  nor  the  skin)  and 
compare  the  pooled  group  to  the  T4  tumors,  demonstrating  a  significant  difference  in  the  F/B 
ratio  (Figure  4e)  between  these  two  groups. 

Discussion 

We  analyzed  SHG  F/B  images  throughout  breast  tumor  progression  in  order  to  understand  how 
this  optical  signature,  which  is  influenced  by  fibrillar  collagen  structure,  evolved  alongside  the 
tumor  size,  cell  morphology,  and  metastatic  changes  that  determine  the  grade  and  stage  of  the 
tumor.  This  provided  several  insights  into  the  biology  of  ductal  and  lobular  carcinoma,  as  well 
as  insights  into  the  possibility  of  using  SHG  F/B  to  assist  in  detection  and/or  diagnosis  of  breast 
cancer. 
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Biology  of  Ductal  Carcinoma 

The  changes  in  collagen  structure  as  indicated  by  SHG  F/B  in  Figure  2a  demonstrate  that  there  is 
no  significant  alteration  in  fibrillar  collagen  structure  between  healthy  breast  tissue  and  ductal 
carcinoma  in  situ,  but  that  there  is  an  alteration  in  the  structure  of  the  collagen  as  the  tumor 
progresses  from  an  in  situ  to  an  invasive  carcinoma.  This  is  consistent  with  the  fact  that  the 
majority  of  SHG+  collagen  fibers  in  healthy  tissue  are  surrounding  the  ducts,  so  as  the  tumor 
cells  exclusively  fill  in  the  ducts  in  DCIS  the  surrounding  collagen  structure  remains  relatively 
unaffected.  It  is  only  when  the  tumor  cells  begin  to  invade  the  breast  tissue  outside  of  the  duct 
that  they  induce  changes  in  structure  of  the  surrounding  fibrillar  collagen,  as  observed  in  the 
statistically  significant  difference  between  SHG  F/B  of  IDC  and  healthy  breast  tissue  (Figure  2a). 

Taking  a  closer  look  at  this  phenomenon,  we  examined  whether  invasion  through  the  basement 
membrane  into  the  surrounding  tissue  (i.e.  the  transition  from  DCIS  to  IDC)  causes  an  immediate 
change  in  the  F/B  ratio  by  comparing  SHG  F/B  to  the  grade  of  the  IDC  tumor  (Figure  2b).  Our 
results  showed  that  in  Grade  1  IDC  the  F/B  ratio  is  still  not  significantly  different  from  the  DCIS 
tissue  nor  the  healthy  tissue,  but  as  IDC  progresses  to  a  Grade  2  or  3  tumor  the  SHG  F/B  ratio 
becomes  significantly  different.  This  suggests  that  the  overall  fibrillar  collagen  structure  as 
determined  by  the  F/B  ratio  is  constantly  evolving  away  from  the  healthy  state  as  the  IDC  tumor 
cells  become  less  differentiated. 

Regarding  the  changes  in  primary  tumor  F/B  seen  throughout  IDC  tumor  staging,  there  is 
interestingly  no  difference  between  the  IDC  samples  that  are  at  different  primary  tumor  sizes  (T 
stage),  although  they  are  all  different  than  the  healthy  tissue  cohort.  Presumably,  the  transition 
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from  healthy  to  tumor  SHG  F/B  occurs  when  tumors  are  small  enough  to  not  be  included  in  our 
cohorts  of  tumor  samples,  which  means  that  it  occurs  when  the  tumor  diameter  is  less  than  1mm. 
Once  tumors  are  greater  than  1mm  and  hence  large  enough  to  be  included  in  the  Tl-4  grading 
scheme,  the  size  of  the  primary  tumor  does  not  influence  collagen  structure  as  quantified  by  SHG 
F/B.  Combined  with  the  fact  that  F/B  of  Grade  1  IDC  does  not  differ  significantly  from  healthy 
tissue,  this  suggests  that  during  early  tumor  growth  and  progression  there  is  a  complex  interplay 
between  tumor  size  and  grade,  whereby  small  high  grade  tumors  may  produce  a  more 
significantly  altered  matrix  than  larger  low  grade  ones. 

As  tumors  progress  from  healthy  to  NO  (IDC  with  no  LN  involvement),  the  SHG  F/B  ratio 
statistically  significantly  decreases,  and  remains  low  as  tumors  progress  to  N 1  (small  metastatic 
events  or  <  3  axillary  events)  and  N2  (4-9  axillary  events  or  clinically  detected  internal 
mammary  LN  metastases).  Interestingly,  as  tumors  progress  to  N3  stage  (>10  axillary  events, 
further  reaching  LN  metastases,  or  metastases  to  both  internal  mammary  and  axillary  LN)  SHG 
F/B  becomes  indistinguishable  from  healthy  F/B  (Figure  3c)  and  is  markedly  different  from  the 
pooled  group  of  other  IDC  tumors  (Figure  3d).  This  evolution  of  SHG  F/B  suggests  two 
intriguing  possibilities.  The  first  is  based  upon  the  view  that  N-stage  progression  is  a 
chronological  progression,  with  a  single  IDC  advancing  from  having  no  LN  metastases,  through 
the  subsequent  N  stages,  and  ending  as  an  IDC  with  distant  LN  metastases.  From  that 
perspective,  this  data  demonstrates  that  during  tumor  progression  fibrillar  collagen  structure 
evolves  in  ways  that  affect  SHG  F/B,  and  raises  the  possibility  that  this  evolution  may  influence 
efficient  travel  of  metastatic  tumor  cells  to  distant  LNs.  After  the  initial  evolution  of  collagen 
structure  from  normal  to  abnormal  as  the  tissue  progresses  from  healthy  to  an  NO  tumor,  there  is 
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a  subsequent  “normalization”  of  collagen  structure  back  to  the  structure  of  healthy  fibrillar 
collagen  (as  quantified  by  F/B)  that  may  facilitate  distant  metastasis  and  lead  to  the  N3  highly 
metastatic  case.  Alternatively,  these  matrix  changes  may  not  represent  an  evolution  of  individual 
tumors  in  time,  but  suggest  instead  that  those  tumors  that  do  NOT  undergo  an  initial  decrease  in 
SHG  F/B  as  the  tissue  first  progresses  from  healthy  to  cancerous,  and  maintain  a  high  F/B,  may 
be  more  likely  to  produce  extensive  distant  metastases.  Although  the  F/B  ratio  reveals  that  there 
is  a  similarity  in  the  collagen  structure  between  the  N3  tumor  and  healthy  tissue,  inspection  of 
SHG  images  of  healthy  and  N3  samples  reveal  that  these  similarities  do  not  extend  to  the  overall 
morphology  of  the  fibers,  as  these  are  noticeably  different  between  the  two  tissue  states  as  shown 
in  Figure  4d. 

In  traditional  M  staging,  IDC  tumors  are  divided  up  into  MO  (no  known  metastases  to  distant 
non-lymph-node  organs),  and  Ml  (any  number  of  metastases  to  distant  non-lymph-node  organs). 
For  IDC  tumors  there  is  no  relationship  between  SHG  F/B  and  M  status  group  (Figure  3b).  This 
suggests  either  that  there  is  no  relationship  between  fibrillar  collagen  structure  and  the  ability  of 
the  IDC  to  metastasize  to  different  (non-LN)  organs,  or  that  the  act  of  pooling  all  numbers  of 
metastases  to  any  non-LN  organs  into  the  single  category  of  “Ml”  has  hidden  any  subtle 
differences  such  as  those  that  were  evident  in  IDC  when  classified  according  to  the  more  finely 
divided  N  stage  classification  scheme. 

Biology  of  Lobular  Carcinoma 

Like  IDC,  ILC  causes  a  change  in  the  fibrillar  collagen  structure  in  breast  tissue,  as  indicated  by 
a  decrease  in  the  F/B  ratio  relative  to  healthy  tissue  (Figure  4a).  However,  LCIS  F/B  is 
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significantly  different  from  healthy  tissue  F/B  whereas  DCIS  is  not  (Figure  4b).  This  difference 
in  matrix  alterations  is  consistent  with  the  significant  difference  in  behavior  of  the  two  diseases. 
Unlike  DCIS,  which  is  categorized  as  cancer  and  if  left  untreated  is  likely  to  progress  to  IDC, 
[34]  LCIS  is  described  as  a  d  evelopment  of  abnormal  cells  which  is  not  believed  to  progress  to 
ILC  (although  it  does  correlate  with  increased  likelihood  of  the  patient  developing  ILC  or  IDC 
later  in  life)  [3]. 

In  contrast  to  IDC,  the  stage  of  LN  involvement  (Figure  4c)  has  no  effect  on  the  F/B  ratio  of 
ILC,  and  all  N  stages  are  statistically  different  from  healthy  tissue.  The  stable  F/B  ratio 
throughout  increasing  LN  involvement  could  result  from  the  ILC’s  characteristic  lack  of  a  strong 
inflammatory  response  after  penetrating  the  basement  membrane  [35],  a  response  which  would 
otherwise  aid  in  the  restructuring  of  the  stromal  collagen  through  recruitment  of  fibroblasts  and 
macrophages  [13,  14].  In  ILC  there  is  a  change  in  SHG  F/B  with  tumor  T  stage,  specifically  a 
loss  of  F/B  difference  relative  to  healthy  tissue  that  occurs  in  the  T4  stage  of  tumor  progression 
(Figure  4c, d),  which  is  when  the  tumor  interacts  with  structures  surrounding  the  breast  tissue 
such  as  chest  and  skin.  The  marked  difference  between  behavior  of  IDC  and  ILC  at  this  stage 
contrasts  with  the  close  quantitative  similarity  of  F/B  values  between  the  tumor  types  at  earlier  T 
stages  (compare  Figures  3a  and  4d).  This  suggests  that  the  mechanisms  by  which  ILC  and  IDC 
recruit  stromal  cells  to  produce  the  collagenous  matrix  is  subtly  different,  a  difference  that  only 
becomes  evident  once  the  source  of  stromal  cells  shifts  from  breast  tissue  to  the  chest  wall  and/or 
the  skin. 
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Detection  and  diagnosis 

In  addition  to  providing  a  window  into  the  biology  of  the  collagenous  matrix  of  ductal  and 
lobular  carcinoma  of  the  breast,  these  experiments  also  provide  insights  into  the  prospect  of 
using  SHG  F/B  as  a  biomarker  to  assist  in  detection  and/or  diagnosis  of  breast  cancer,  as  has 
been  explored  in  ovarian  cancer  [29].  In  current  breast  conservation  surgery,  tumor  tissue  is 
removed  and  sent  to  pathology  for  subsequent  analysis.  If  the  circumference,  or  margin,  of  the 
excised  tissue  is  found  to  contain  tumor  tissue  within  ~1  mm  of  the  cut  surface,  there  is  a  high 
risk  that  the  adjacent  edge  of  this  tissue,  still  in  the  patient,  also  has  tumor  tissue.  Consequently 
the  patient  must  return  to  the  hospital  for  a  second  and  possible  third  surgery  until  surgical 
margins  are  found  to  be  clear  of  tumor  tissue.  The  multiple  trips  to  the  operating  room  and 
multiple  surgeries  seriously  impact  the  patient’s  quality  of  life.  Consequently,  many  groups  are 
investigating  optical  techniques  to  provide  more  information  to  the  surgeon,  in  the  operating 
room,  to  rapidly  assist  in  detecting  the  presence  of  tumor  tissue  near  the  resected  margins  and 
hence  improve  the  odds  that  samples  will  be  found  to  have  tumor-free  margins  upon  subsequent 
pathological  analysis  [36,  37,  38,  39].  The  first  step  in  evaluating  the  potential  of  the  SHG  F/B 
ratio  to  contribute  to  tumor  assessment  is  to  detennine  whether  there  is  a  detectable  difference 
between  healthy  and  tumor  tissue,  and  to  what  degree  this  differentiation  exists  among  tumors  of 
different  stage  and  grade.  We  find  that  LCIS,  IDC  and  ILC,  but  not  DCIS,  can  produce 
statistically  significant  differences  in  SHG  F/B  in  the  surrounding  matrix.  Furthermore,  even  the 
smallest  tumors  studied,  T 1  tumors,  had  a  statistically  significant  SHG  F/B  from  healthy  tissue  in 
both  IDC  and  ILC.  This,  combined  with  recent  demonstration  of  a  method  to  quantify  SHG  F/B 
with  a  single  objective  lens  [40]  allows  the  possibility  of  using  SHG  F/B,  perhaps  along  with 
other  optical  signatures,  to  assist  in  the  real-time  evaluation  of  tumor  tissue  during  IDC  and  ILC 
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breast  conserving  surgery  (LCIS  is  generally  not  treated  surgically).  The  future  clinical  utility  of 
SHG  F/B  will  rely  on  the  geometry  of  cut  surfaces  required  to  access  the  tissue  for  such  an 
application,  and  the  on  further  development  of  the  single  objective  lens  technique  [40],  or  other 
techniques  [29],  as  methods  that  can  detect  the  F/B  ratio  from  an  intact  [40]  or  coarsely  sectioned 
[29]  piece  of  tissue. 

Conversely,  the  prognosis  of  using  SHG  F/B  to  detect  tumor  margins  appears  to  be  negatively 
impacted  by  the  fact  that  SHG  F/B  evolves  with  IDC  tumor  grade,  and  specifically  that  Grade  1 
IDC  is  hence  indistinguishable  from  healthy  tissue.  Furthermore,  F/B  of  the  most  metastatic  form 
of  IDC  (N3)  is  not  different  from  healthy  tissue,  nor  is  the  largest  (T4)  form  of  ILC.  Therefore, 
the  ability  of  SHG  F/B  to  provide  a  useful  biomarker  relevant  to  tumor  detection/margin  analysis 
would  therefore  be  dependent  upon  the  type,  stage,  and  grade  of  tumor. 

After  tumor  resection  patients  are  frequently  subjected  to  chemotherapy  and  radiation  in  an 
attempt  to  eliminate  metastases,  and  an  estimated  70%  of  patients  are  believed  to  be 
“overtreated”  and  receive  chemotherapy/radiation  in  spite  of  not  actually  having  distant 
metastases  [10].  Consequently  methods  to  predict  metastatic  outcome  and  reduce 
“overtreatment”  are  highly  desirable  in  order  to  improve  quality  of  life  [10].  The  results 
presented  here  demonstrate  that  in  IDC,  but  not  ILC,  the  SHG  F/B  ratio  scales  with  the  presence 
of  distant  LN  metastases,  although  it  does  not  scale  with  the  presence  of  metastases  to  distant 
organs.  This  suggests  that  F/B  may  provide  useful,  albeit  limited,  information  as  to  the  metastatic 
output  of  IDC  tumors  and  hence  may  assist  in  treatment  planning. 
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Conclusion 


This  study  has  shown  a  series  of  collagen  structural  changes,  as  evaluated  with  SHG  F/B,  that 
occur  throughout  ductal  and  lobular  carcinoma  progression,  including  those  that  accompany 
growth,  metastasis  and  changes  in  tissue  morphology.  SHG  F/B  has  revealed  a  surprisingly 
complex  evolution  of  matrix  structure  with  grade  and  T,  N,  and  M  stage  with  perhaps  the  most 
interesting  result  being  the  fact  that  IDC  tumors  with  the  most  “normal”  F/B  values  have  the 
largest  number  of  distant  LN  metastases.  This  offers  the  possibility  that  either  developing  breast 
tumors  undergo  a  “normalization”  of  collagen  structure  (but  not  macroscopic  morphology)  that 
correlates  with  enhanced  distant  metastases,  or  that  those  tissues  that  retain  their  healthy  collagen 
structure  upon  transition  to  IDC  are  most  likely  to  produce  significant  numbers  of  distant 
metastases.  In  addition  to  insights  into  the  basic  biology  of  the  breast  tumor  extracellular  matrix, 
these  results  suggest  that  in  the  future  SHG  F/B  may  be  used  in  conjunction  with  pathological 
analysis  to  provide  an  additional  biomarker  about  the  metastatic  potential  of  the  IDC  primary 
tumor,  and  to  assist  in  margin  detection  in  high-grade  IDC  as  well  as  ILC  tumors. 
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Figure  Legends 


Figure  1:  Sample  images  of  5  types  of  tissue  analyzed  in  this  study,  from  top  to  bottom:  healthy 
tissue,  DCIS,  LCIS  IDC,  and  ILC.  Left  column  shows  H&E  staining,  middle  shows  forward- 
scattered  SHG  and  right  shows  F/B  ratio 

Table  1:  Table  of  the  tissue  microarray  slides  that  were  used,  along  with  how  many  samples 
from  each  slide  were  used  to  create  each  set  of  results.  The  number  given  (i.e.  “BR1921”)  is  the 
part  number  of  the  Biomax  microarray  slide,  while  “URMC”  refers  to  the  full  section  and  tissue 
microarray  (TMA)  slide  manufactured  by  the  University  of  Rochester  Department  of  Pathology. 
Note  that  samples  are  “double  counted”  in  that  a  sample  that  is  IDC  T 1  and  NO  would  count  in 
both  the  IDC  T 1  column  as  well  as  the  IDC  NO  column. 

Figure  2:  F/B  ratio  throughout  (a)  ductal  carcinoma  progression  and  (b)  increasing  grade  in  IDC, 
or  decreasing  tumor  cell  differentiation.  These  results  show  no  difference  between  DCIS  (n=20) 
and  healthy  tissue  (n=37),  but  there  was  a  significant  difference  between  IDC  (n=147)  and  the 
two  other  tissue  types.  As  the  IDC  tumor  progresses  into  higher  grades  the  F/B  ratio  differs 
significantly  from  healthy  tissue.  Specifically,  there  is  no  difference  between  healthy  and  Grade 
1  IDC  (n=8),  but  both  of  these  are  significantly  higher  than  Grade  2  IDC  (n=88).  Grade  3  (n=15) 
is  significantly  lower  than  healthy  tissue.  Error  bars  represent  standard  error. 

Figure  3:  F/B  ratio  as  a  function  of  (a)  T-stage,  (b)  M-status  and  (c)  N-stage.  Healthy  tissue 
(n=37)  was  significantly  higher  than  all  T  stages  (sample  sizes  of  T1-T4  were  n=12,  n=97,  n=24, 
and  n=l  1  respectively),  (b)  The  average  F/B  ratio  of  Ml  tumors  (n=9)  was  not  significantly 
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different  than  the  MO  tumors  (n=136).  (c)  The  F/B  of  healthy  tissue  was  significantly  greater 
than  that  of  NO  (n=5 1),  N1  (n=52)  and  N2  (n=29),  but  was  not  significantly  different  than  N3 
(n=9).  (d)  F/B  of  N3  tumors,  which  have  10  or  greater  lymph  node  metastatic  events,  is 
significantly  greater  than  tumors  with  less  lymph  node  involvement,  i.e.  N0-N2  tumors,  (e)  F/B 
color  map  of  Healthy  Tissue  (Top),  NO  IDC  (middle)  and  N3  IDC  (bottom).  Error  bars  represent 
standard  error  and  *  signifies  difference  from  all  other  groups  being  compared. 

Figure  4:  (a)  F/B  ratio  of  ILC  (n=153)  is  not  significantly  different  than  IDC  (n=145),  but  are 
both  significantly  lower  than  healthy  breast  tissue  (n=37).  F/B  ratio  of  ILC  as  a  function  of 
progression  from  healthy  tissue  to  in  situ  tissue,  to  invasive  carcinoma  (b),  N-stage  (c)  and  T- 
stage  (d).  LCIS  (n=8)  and  ILC  are  both  significantly  lower  than  healthy  breast  tissue.  Similarly 
all  N-stage  ILC  tumors  are  significantly  lower  than  healthy  tissue  (n=49,  n=29,  n=l  1,  and  n=4, 
for  N0-N3  respectively)  .  T1  (n=29),  T2  (n=96),  and  T3(n=12)  ILC  tumors  are  all  had 
significantly  lower  F/B  ratios  than  healthy  tissue,  but  T4  (n=10)  tumors  were  not  significantly 
different  than  healthy.  Error  bars  represent  standard  error,  and  *  signifies  difference  from  all 
other  groups  being  compared. 
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Figure  2 


Figure  3 
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Key  Research  Accomplishments  in  the  third  year: 

Used  clodronate  liposomes  to  ablate  tumor  associated  macrophages  in  vivo,  in  the  presence  and  absence  of 
stromal  IL-10,  and  determined  that  this  ablation  also  affected  collagen  ordering  as  well  as  metastatic  output  in  a 
manner  that  indicated  stromal  TNF-a  acting  on  macrophages  was  the  mechanism  whereby  01  was  altered. 

Finished  an  extensive  study  of  how  SHG  can  be  used  to  reveal  matrix  structural  alterations  in  human  tumor 
samples  on  t  issue  microarrays,  and  derived  several  important  insights  into  those  alterations,  the  two  most 
intriguing  being  1)  that  DCIS  does  not  influence  adjacent  matrix  microstructure  while  LCIS  does,  and  2)  that 
IDC  reveals  a  significantly  lower  SHG  F/B  scattering  ration  relative  to  healthy  tissue  for  non-and  low- 
metastatic  tumors,  but  that  for  the  most  metastatic  tumors  (N3)  the  SHG  F/B  returns  to  levels  consistent  with 
healthy  tissue. 

Reportable  Outcomes: 

Over  the  past  year  I  published  three  papers  based  upon  work  funded  all  or  in  part  by  this  award: 

Bouta  E,  Wood  R,  Perry  S,  Brown  E,  Ritchlin  C,  Xing  L,  Schwarz  E.  (2011)  Measuring  intranodal  pressure  and 
lymph  viscosity  to  elucidate  mechanisms  of  arthritic  flare  and  therapeutic  outcomes.  Ann  N  Y  Acad  Sci. 
1240(l):47-52. 

Perry  S,  Burke  R,  Brown  E.  (2012)  Two  Photon  and  Second  Harmonic  Microscopy  in  Clinical  and 
Translational  Cancer  Research.  Invited  Review  Annals  of  Biomedical  Engineering.  40(2)  277-291. 

Madden  K,  Szpunar  M,  Brown  E.  (2012)  Early  Impact  of  Social  Isolation  and  Breast  Tumor  Progression  in 
Mice.  Brain  Behavior  and  Immunity.  Epub  ahead  of  print. 

I  have  also  submitted  one  manuscript  based  upon  work  funded  in  whole  or  in  part  by  this  grant,  and  it  is 
attached  to  this  document  as  part  of  the  main  text  of  the  report: 

Burke  K,  Tang  P,  Brown  E.  SHG  reveals  matrix  alterations  during  breast  tumor  progression. 


Conclusion 

In  conclusion,  I  believe  that  I  have  made  significant  progress  on  the  goals  outlined  in  my  Era  of  Hope  Scholar 
Research  Award. 
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